Three alloherpesviruses are known to cause disease in cyprinid fish: cyprinid herpesviruses 1 and 3 (CyHV1 and CyHV3) in common carp and koi and cyprinid herpesvirus 2 (CyHV2) in goldfish. We have determined the genome sequences of CyHV1 and CyHV2 and compared them with the published CyHV3 sequence. The CyHV1 and CyHV2 genomes are 291,144 and 290,304 bp, respectively, in size, and thus the CyHV3 genome, at 295,146 bp, remains the largest recorded among the herpesviruses. Each of the three genomes consists of a unique region flanked at each terminus by a sizeable direct repeat. The CyHV1, CyHV2, and CyHV3 genomes are predicted to contain 137, 150, and 155 unique, functional protein-coding genes, respectively, of which six, four, and eight, respectively, are duplicated in the terminal repeat. The three viruses share 120 orthologous genes in a largely colinear arrangement, of which up to 55 are also conserved in the other member of the genus Cyprinivirus, anguillid herpesvirus 1. Twelve genes are conserved convincingly in all sequenced alloherpesviruses, and two others are conserved marginally. The reference CyHV3 strain has been reported to contain five fragmented genes that are presumably nonfunctional. The CyHV2 strain has two fragmented genes, and the CyHV1 strain has none. CyHV1, CyHV2, and CyHV3 have five, six, and five families of paralogous genes, respectively. One family unique to CyHV1 is related to cellular JUNB, which encodes a transcription factor involved in oncogenesis. To our knowledge, this is the first time that JUNB-related sequences have been reported in a herpesvirus.
T he order Herpesvirales consists of the families Herpesviridae, Alloherpesviridae, and Malacoherpesviridae (1) . Each family contains viruses that are associated with distinct host groups. Thus, members of the family Herpesviridae infect mammals, birds, or reptiles, members of the family Alloherpesviridae (referred to as alloherpesviruses) infect fish or frogs, and members of the family Malacoherpesviridae infect mollusks. The family Alloherpesviridae is divided into the four genera Batrachovirus, Cyprinivirus, Ictalurivirus, and Salmonivirus. The genus Cyprinivirus contains four species, three of which (Cyprinid herpesvirus 1, Cyprinid herpesvirus 2, and Cyprinid herpesvirus 3) are associated with common carp or goldfish (family Cyprinidae in the order Cypriniformes and one of which (Anguillid herpesvirus 1) is associated with freshwater eels (family Anguillidae in the order Anguilliformes).
Cyprinid herpesvirus 1 (CyHV1) is also known as carp herpesvirus, carp pox virus, and Herpesvirus cyprini. CyHV1 disease is most frequently characterized by mucoid to waxy epidermal growths on the skin of common carp (Cyprinus carpio) and koi carp (a variety of Cyprinus carpio). This disease is perhaps the oldest known in fish, having been recorded in the Middle Ages (2), and has been described by various names, the most prominent being carp pox (3) . It has a broad geographical distribution (4) . A viral etiology was first suggested in 1907 (5) and was supported over 5 decades later by the detection of particles in the growths that have the distinctive morphology of a herpesvirus (6) . The virus was first isolated by Sano and colleagues, who also demonstrated the etiology of the disease (7) , and it has since been isolated by others (8) . Two phases of infection have been described, namely, an acute, generally lethal, systemic disease in young carp and a recurring, generally nonlethal, proliferative skin disease linked to periods of lower water temperature among survivors or fish exposed at older ages (7, (9) (10) (11) (12) (13) . Young fish that survive initial infection may carry the virus in latent form (13) .
Cyprinid herpesvirus 2 (CyHV2) is also known as goldfish hematopoietic necrosis virus. CyHV2 disease is manifested as epizootics in cultured goldfish (Carassius auratus). It has also been described as herpesviral hematopoietic necrosis and is distributed worldwide (14) . The virus was first isolated from outbreaks in 1992 and 1993 in Japan and was shown to possess the morphology of a herpesvirus (15) . Epizootics typically occur in spring and autumn, often with high mortality, and all sizes of goldfish are susceptible. Few gross external lesions are evident on infected fish, but the liver, spleen, and kidneys may appear pale and enlarged, and the spleen and other tissues often display white granular nodules (15) . Histopathological findings may typically include mild to severe multifocal or diffuse coagulative necrosis in kidney and spleen tissue. Viral latency is suggested by the presence of CyHV2 DNA in healthy goldfish for lengthy periods (14, 16) . Cyprinid herpesvirus 3 (CyHV3) was originally named koi herpesvirus by Hedrick and colleagues (17) and has also been referred to as carp nephritis and gill necrosis virus (18) . CyHV3 disease occurs as epizootics in common and koi carp and has also been described as koi herpesvirus disease. The first samples may have been collected as early as 1996 (19) , but the first definitive description of the disease dates from outbreaks that occurred in the United States and Israel in 1998 (20) . This was followed by reports from Israel (21) and several other countries, making it evident that the disease had spread globally (19) . The virus was first isolated and proven to be the etiological agent by Hedrick and colleagues (17, 20) and was shown to have the morphology of a herpesvirus in gill tissues from moribund koi (20, 22) . Epizootics involving mass mortality occur in spring and autumn, and all ages of carp are susceptible (17, (23) (24) (25) (26) . Moribund fish display abnormal features of the gills and skin, and secondary infections are common. The kidney and spleen may be enlarged, and the heart may appear flaccid and mottled. The most consistent microscopic lesions are seen in the gills, with hyperplasia and hypertrophy of the branchial epithelium and fusion of the secondary lamellae (17) . However, the major portal of entry of the virus is the skin and fins, with disease in gills occurring subsequently (27) . Various lines of evidence suggest that CyHV3 may establish latency and that changes in water temperature play a part in reactivation (28) (29) (30) (31) (32) (33) (34) (35) .
DNA sequence information for CyHV1 and CyHV2 is limited and nonredundant data totaling 13 and 5 kbp, respectively, are available in GenBank (36, 37) . In contrast, the complete genome sequences of three CyHV3 strains have been published (38) . The CyHV3 reference strain KHV-U (GenBank accession number DQ657948.1) has a genome of 295,146 bp, consisting of a unique region (U) flanked by a terminal direct repeat (TR). The complete genome sequence of a noncyprinid member of the same genus, anguillid herpesvirus 1 (AngHV1; species Anguillid herpesvirus 1), which infects eels (Anguilla anguilla and Anguilla japonica), has also been published (39) and was recently updated as the result of a transcriptomic study (40) . The AngHV1 genome (GenBank accession number FJ940765.3) is smaller than that of CyHV3, at 248,526 bp, and similar in structure. Phylogenetically, the three cyprinid herpesviruses (CyHVs) are related closely to each other (36) , with CyHV2 and CyHV3 slightly more closely related to each other than either is to CyHV1 (37) . AngHV1 is the next most closely related virus, with other alloherpesviruses much more distant (37, 39, 41) .
In this paper, we report the complete genome sequences of CyHV1 and CyHV2 and analyze the comparative genomics of the three CyHVs.
MATERIALS AND METHODS

Growth of viruses.
CyHV1 strain NG-J1 (Niigata Japan-1) was isolated in 1981 from ornamental Asagi koi carp (3 years old, approximately 2-kg body weight) bearing papillomas (7). CyHV2 strain ST-J1 (Saitama Japan-1) was isolated in 1992 from an ornamental goldfish (0 to 1 year old, 5-to 15-g body weight) suffering from herpesviral hematopoietic necrosis (H. Fukuda, unpublished data). The viruses were grown on a koi fin cell line (KF-1) as described previously (17) , passaging the former via an infected cell medium and the latter via infected cells.
DNA sequencing. Preparations of CyHV1 and CyHV2 DNA were isolated from extracellular virions as described previously (36) . The SacI restriction endonuclease profiles of these preparations and a virion DNA preparation from CyHV3 reference strain KHV-U (38) were compared by agarose gel electrophoresis and found to differ significantly, as expected (data not shown).
CyHV1 DNA sequence data were generated commercially (Macrogen, Seoul, South Korea) by cloning of randomly fragmented virion DNA into recombinant plasmids, followed by Sanger sequencing. The data were assembled and edited by standard methods, and gaps or ambiguous regions were closed or checked by sequencing PCR products directly or as plasmid clones. The final consensus sequence represented an average 9.2-fold redundancy at each nucleotide over the whole genome. Average redundancy in TR (14.8-fold) was greater than that in U (9.5-fold). The XbaI restriction endonuclease profile generated from the DNA preparation by agarose gel electrophoresis was closely similar to those reported for Japanese CyHV1 isolates (42) (data not shown).
CyHV2 DNA sequence data were generated at the Gene Pool (University of Edinburgh) by next-generation sequencing using standard instruments and methods (Illumina, San Diego, CA). The data comprised a single-end set (5,117,383 reads of 50 nucleotides) and a paired-end set (27, 197 ,794 reads of 48 nucleotides). Both sets (totaling 32,315,177 reads) were treated as a combined, single-end set and assembled de novo by using Velvet 0.7.31 (43) as described previously (44) . On the assumption that the CyHV2 genome is generally colinear with the CyHV3 genome, a tentative ordering of 25 large contigs was derived by monitoring for predicted amino acid sequence conservation. Iterative assemblies of the combined data sets against speculative junction sequences between contigs were constructed by using Maq 0.7.1 (45) and visualized by using Tablet 1.10.05.21 (46) . This permitted the joining of several contigs, thus reducing the number to seven. Gaps or ambiguous regions were closed or checked by sequencing PCR products directly or as plasmid clones. Among these regions were approximately 50 containing tandem reiterations of initially uncertain lengths. Finally, the identity of each nucleotide and the continuity of sequence were confirmed by assembling the combined data sets against the complete genome sequence. A total of 10,250,990 reads (31.72% of the combined sets, consisting of 45.48% of the single-end set and 29.12% of the paired-end set) matched this sequence, the remainder presumably representing contaminating carp cellular DNA or poor-quality reads. The final alignment represented an average 1,802-fold redundancy at each nucleotide over the complete genome. Average redundancy in TR (3,981-fold) was greater than that in U (1,676-fold).
The potential genome termini of CyHV1 and CyHV2 were located on the basis of multiple sequence reads sharing the same end and sequence similarities to the CyHV3 termini and then mapped experimentally as described previously (47) (data not shown). Briefly, virion DNA was flush-ended and ligated to a partially double-stranded adaptor oligonucleotide, followed by PCR amplification utilizing an adaptor primer plus primers near the putative termini. Several plasmid clones of each product were sequenced.
Nucleotide sequence accession numbers. The GenBank accession numbers of the CyHV1 and CyHV2 genome sequences are JQ815363 and JQ815364, respectively. The European Nucleotide Archive accession number of the CyHV2 read data is ERP001303.
RESULTS AND DISCUSSION
Genome structure and composition. Maps of the CyHV1 and CyHV2 genomes are shown in Fig. 1 and 2 , respectively, and an updated map of the CyHV3 genome is shown in Fig. 3 . The sequences and other data on the locations of genome ends indicate that the CyHV1 and CyHV2 genomes (291,144 and 290,304 bp, respectively) have the same structure as that of CyHV3, with U flanked at each end by TR (Table 1) . Thus, the CyHV3 genome remains the largest overall among the CyHVs and, indeed, all sequenced herpesviruses, although the CyHV2 genome has the greatest complexity in terms of the size of U plus one copy of TR. The CyHV2 genome contains an unusual 220-bp inverted repeat that is absent from CyHV1 and CyHV3, with copies to the right of ORF25C and ORF48 (Fig. 2) . Experiments involving PCR across the inverted repeat confirmed that the intervening region is present in a single orientation in virion DNA (data not shown). Analyses of nucleotide composition indicate that the CG dinucleotide is strongly underrepresented in the CyHV1 genome (Table 1) . In cellular genomes, CG dinucleotide depletion is an evolutionary phenomenon that is thought to have occurred via methylation of the C residue followed by spontaneous deamination to yield a TG dinucleotide, which becomes fixed by DNA replication. When this phenomenon has been observed to a significant degree in herpesviruses, it has been attributed to methylation of latent genomes in dividing cell populations (48) .
The derived genome sizes ( Table 1) are those of the sequences obtained. They are unlikely to equate precisely to actual sizes because each CyHV sequence contains numerous tandem direct reiterations of short sequences, often in complex forms containing partial or dispersed repeats. Reiterations are characteristic of most herpesvirus genomes and are often variable in length, resulting in heterogeneous genome size. In the CyHVs, tandem reiterations are most common in TR, and the most prominent are the telomere-like repeats based on the element TTAGGG (marked in gray in , which are located very close to the ends of TR and, hence, to the genome ends. CyHV1 has the largest telomere-like repeats, whereas AngHV1 lacks them. Similarly positioned telomere-like repeats are present in the genomes of some members of the family Herpesviridae, including Marek's disease virus of chickens (subfamily Alphaherpesvirinae) and human herpesviruses 6A, 6B, and 7 (subfamily Betaherpesvirinae). There is evidence that such reiterations may mediate integration of herpesvirus genomes into the telomeric regions of host chromosomes in vitro and in vivo (49, 50) . It is not known whether this is the case for the CyHVs.
The CyHVs exhibit regions of similarity at their genome termini (Fig. 4 ) that may be involved in the generation of linear genomes from concatemeric intermediates presumed to be generated during DNA replication. The greater extent of similarity is near the right end. Conservation of terminal sequences is too low to make alignments with AngHV1 rewarding, but there is perhaps some resemblance to CyHV sequences in an AϩT-rich region about 40 bp from the right end and the few nucleotides at the right end (Fig. 4) . Also, there is a short palindrome at the termini that is especially notable in CyHV3 (CCTTGCC and GGCAAGG) and AngHV1 (CgTTCACC and GGTGAAgG, where lowercase characters are noncomplementary). In relation to flanking genes, the right end is located in a similar context in each CyHV genome, to the right of ORF8. The left end is located in a similar context in CyHV1 and CyHV3, to the right of ORF156. However, the left end in CyHV2 is translocated, being situated between ORF3 and ORF5, at a position that is well within TR in CyHV1 and CyHV3. As a consequence, the counterparts of some open reading frames (ORFs) in TR in CyHV3 (ORF1, ORF2, and ORF3) or CyHV1 (ORF2 and ORF3) are located near the right end of U in CyHV2.
Arrangement of ORFs. A range of standard bioinformatic tools was employed to generate predictions of the locations and arrangements of functional protein-coding ORFs in the CyHV1 and CyHV2 sequences, as used previously for CyHV3 (38) . These tools included programs directed at assessing codon preference, third-position codon GϩC bias, and amino acid sequence conservation. In further assessing the gene layout, several general features of herpesvirus genomes were taken into account, including the rarity of extensive overlap between ORFs and the locations of potential poly(A) signals (AATAAA or ATTAAA) downstream from individual ORFs or sets of ORFs transcribed 3= coterminally. Putative initiating ATG codons were assigned to ORFs on the basis of various criteria, which included favorable codon preference and GϩC bias, minimal ORF overlap, and, in appropriate cases, the encoding of predicted signal peptides or conserved amino acid sequences.
The maps ( Fig. 1 to 3 ) were derived solely by bioinformatic means and represent informed interpretations that are susceptible to refinement in the future. Thus, it is possible that some of the ORFs included do not encode functional proteins. Moreover, it is possible that some ORFs encoding functional proteins might have been missed, such as any that are small or spliced, that are conserved weakly or not at all, that overlap other ORFs, or that utilize noncanonical (non-ATG) initiation codons. This caveat is important in light of the finding that many such ORFs are translated in cell culture by human cytomegalovirus (a member of the family Herpesviridae, subfamily Betaherpesvirinae), although it remains undetermined which, if any, of the proteins produced are functional (51) . Our analysis would also not have identified genes specifying RNAs that do not encode functional proteins, as exemplified again by human cytomegalovirus (52, 53) . However, no such RNAs were detected in a transcriptomic study of AngHV1 (40) .
The initial ORF designations were modified from predictions of splicing, which were made on the basis of potential donor and acceptor sites in positions in which their use would result in the significant extension of an ORF or the joining together of two conserved ORFs located in different reading frames or separated by stop codons in one genome but represented as a single ORF in another. In some instances, introns within ORFs were predicted from amino acid sequence alignments, though these were necessarily more tentative (e.g., in CyHV2 ORF70). Splicing between protein-coding regions was predicted to be more common in CyHV2 (affecting 29 ORFs, not counting duplicates in TR) than CyHV1 and CyHV3 (eight and nine ORFs, respectively). It was not possible to assess with any confidence additional splicing that would contribute short, upstream exons to established ORFs, whether translated (thus extending the 5= end of the ORF) or nontranslated (thus contributing a 5= untranslated region). However, such splicing may exist, since several instances have been identified in AngHV1 (40) . Indeed, there were some bioinformatic hints of splicing between nontranslated regions. One example involves ORF49, which in each CyHV genome is followed immediately by a potential splice donor site that may be linked to a potential splice acceptor site upstream from ORF52.
The nomenclature used for CyHV1 and CyHV2 ORFs is based on that for CyHV3 (38) , in which ORFs are numbered along the genome from ORF1 to ORF156, with ORF1 to ORF8 duplicated in TR (Fig. 3 ). CyHV1 and CyHV2 ORFs that have counterparts in CyHV3 were given the same names as in CyHV3, and ORFs that lack counterparts were designated by alphabetically extended names (e.g., ORF10A in CyHV2 only, ORF10B in CyHV1 only, and ORF28A in both). The nomenclature systems used for other alloherpesviruses (including AngHV1), for which some ORFs are mentioned below, differ from that of the CyHVs. In general, CyHV ORFs are packed closely together. However, several sizeable regions were not predicted to encode functional proteins. The most-extensive regions in this category are present in CyHV1, specifically in TR near the right end of U, and are among the largest noted among the herpesviruses. It is possible that these regions have functions that are not concerned primarily with encoding proteins, for example, in specifying nontranslated transcripts.
The numbers of functional protein-coding ORFs predicted in the CyHV genomes (Table 1) should be viewed as best estimates, as there was uncertainty in some aspects of the interpretation. Examples include the ORF44-ORF45 region, where it is possible that ORF45 is extended at its 5= end, perhaps replacing ORF44, and the ORF101 region, where an additional ORF might be incorporated into the antiparallel strand, extending into the region between ORF100 and ORF101. The original CyHV3 map was derived in part on the basis of comparisons with incomplete sequence data for CyHV1 (38) . We made several refinements as a result of comparisons with the complete data for CyHV1 and CyHV2 (Fig. 3) . These include the incorporation of a protein-coding region located between the original ORF131 and ORF132 that potentially specifies an amino acid sequence highly similar to that of Danio rerio hypothetical type 1 membrane protein LOC562542 (GenBank accession number XM_701036.5), of which the function is unknown. This region contains counterparts of the first two exons of the three-exon cellular gene, with the splice sites conserved. We propose tentatively that these exons are spliced to the 5= end of ORF131, which is not related to LOC562542, thus adding a signal peptide and completing the encoding of a predicted type 1 membrane protein.
The two LOC562542 exons are absent from CyHV1 and CyHV2, and in each case, the predicted ORF131 type 1 membrane protein has an integral signal peptide. Additional adjustments to the CyHV3 map included shortening the 5= ends of ORF33, ORF56, ORF105, and ORF119, extending the 5= end of ORF94, and extending the 3= end of ORF6 by splicing. In addition, the marginal ORF58 was removed.
ORFs conserved among alloherpesviruses. Table 2 summarizes the relationships among, and features of, the CyHV genomes and also includes data for AngHV1 ORFs that have CyHV orthologs. Functional assignments were made in some instances on the basis of strong amino acid conservation with well-characterized proteins, and in other instances, they depended on conservation of motifs and were made less confidently. A full version of the information in Table 2 is provided in data set S1 in the supplemental material, which is sortable by ORF order in each genome and includes data on amino acid identity that support ortholog identification. The comparisons (not shown in data set S1 in the supplemental material) also involved the other fully sequenced alloherpesviruses, namely, ictalurid herpesvirus 1 (IcHV1; channel catfish virus; species Ictalurid herpesvirus 1, genus Ictalurivirus; GenBank accession number M75136.1) (54), ranid herpesvirus 1 (RaHV1; Lucké tumor herpesvirus; species Ranid herpesvirus 1, genus Batrachovirus; GenBank accession number DQ665917.1) (55), and ranid herpesvirus 2 (RaHV2; frog virus 4; species Ranid herpesvirus 2, genus Batrachovirus; GenBank accession number DQ665652.1) (55). Twelve CyHV ORFs (termed core ORFs) are conserved convincingly in all sequenced alloherpesviruses and were presumably inherited from a common ancestor (39) . These ORFs encode proteins that are predicted to be involved in DNA replication (ORF79, DNA polymerase catalytic subunit; ORF71, helicase-primase helicase subunit; ORF46, helicase-primase primase subunit), DNA packaging (ORF33, DNA packaging terminase subunit 1), and capsid morphogenesis (ORF92, major capsid protein; ORF72, capsid triplex subunit 2; ORF78, capsid maturation protease), as well as proteins of unknown function (ORF47, protein Allo64, possible DNA packaging terminase subunit 2 [see the following paragraph]; ORF61, protein Allo54; ORF80, protein Allo60; ORF90, protein Allo37; ORF107, protein Allo56).
The ORF encoding DNA packaging terminase subunit 1 (ORF33 in the CyHVs) is well conserved among members of the order Herpesvirales (1) . In contrast, the ORF encoding DNA packaging terminase subunit 2 is conserved among members of the family Herpesviridae, but its anticipated ortholog in alloherpesviruses is not readily apparent. However, there is weak similarity to the core CyHV ORF47 and its counterparts in other alloherpesviruses (Fig. 5a ). The conserved region contains a cysteine-rich motif that is conserved throughout members of the family Herpesviridae and may represent a metal ion-binding domain (56) .
The detection of only 12 core genes illustrates the substantially greater divergence that exists among members of the family Alloherpesviridae in comparison with members of the family Herpesviridae, for which about 40 genes form the core set (1). There is some evidence that two additional CyHV ORFs (ORF99 and ORF66) may also belong to the alloherpesvirus core set, although the cases for these assignments depend on weak sequence similarities and other discerned resemblances.
The predicted type 1 membrane protein encoded by ORF99 has clear orthologs in all sequenced alloherpesviruses except AngHV1 (39) . The CyHV3 and IcHV1 proteins have been shown from proteomic studies to be located in virions, the latter fractionating specifically with the virion envelope (57, 58) . They are weakly similar to the virion envelope protein encoded by AngHV1 ORF67 (59), which is also distantly related to the spike proteins of a member of the subfamily Torovirinae in the family Coronaviridae (39) . This indicates that the ancestor of ORF99 and its counterparts in AngHV1 and other alloherpesviruses might have been derived from an ancient gene capture event involving a coronavirus (59) , with similarity to the original gene having been retained only in AngHV1. On the other hand, it is possible that the ORF99 counterpart has been lost from the AngHV1 lineage and that any similarities to ORF67 are incidental.
The argument for inclusion of ORF66 in the core set is based on the fact that capsid structure is conserved in all characterized members of the order Herpesvirales, with the three main proteins making up the shell being the major capsid protein and the two subunits of the capsid triplex (60-62). Proteomic findings, based on the identification of IcHV1 and AngHV1 capsid proteins in the anticipated stoichiometry and the bioinformatic detection of their orthologs in CyHV3, have identified strong candidates for only two of these in CyHVs (ORF92, major capsid protein; ORF72, capsid triplex subunit 2). The observation that capsid triplex subunit 1 is the least conserved of the three proteins in members of the family Herpesviridae (58) suggests that the corresponding protein in alloherpesviruses may be too diverged for sequence similarities to be readily apparent across the family. The best candidates from proteomic studies of capsids for capsid triplex subunit 1 are ORF53 in IcHV1 and its ortholog ORF42 in AngHV1 (58, 59 ). An ortholog in CyHV3 is not readily apparent, but ORF66, which encodes a virion protein, is a possibility (57, 59) . No sequence relationships have been demonstrated, but a short, conserved motif is evident (Fig. 5b) .
It is also possible that another ORF should be added to the maps and counted among the core set. This is based on a recognized feature of the capsid maturation protease gene in members of the family Herpesviridae, specifically that an abundant, 3=-coterminal transcript initiates within the relevant ORF and produces an N-terminally truncated version of the capsid maturation protease that functions as the capsid scaffold protein, which is replaced by DNA during capsid maturation (62) . There is evidence from transcriptomics that a similar situation exists in AngHV1 (40) . If this arrangement also pertains to the CyHVs, the relevant core ORF would be named ORF78.5 because it amounts to a 5= truncation of ORF78. However, given the lack of evidence for the expression of this ORF in CyHVs, it has not been added to the maps or to the totals of gene numbers cited above. 
Type 3 MP; SP; 7 TMDs; similar to 
Protein ORF94 Similar to trypsin-like serine proteases; signal anchor (Continued on following page) 
Protein ORF104 Similar to protein kinases; protein phosphorylation 
a ORFs are listed in a default order, basically in relation to their arrangement in CyHV3. b ORFs are oriented rightward (R) or leftward (L) in the CyHV1 (1), CyHV2 (2), and CyHV3 (3) In addition to the 12 ORFs that belong to the core set and the two or three others that may also belong to it, ORF147A is conserved between CyHV1 and AngHV1 and possibly ORF147B is conserved among CyHV1, CyHV2, and AngHV1, although neither is present in all of the CyHVs and AngHV1. It is possible that one or both of these ORFs were also inherited from a common ancestor of the CyHVs but has since been lost in specific lineages.
ORFs conserved among CyHVs. The CyHV genomes share a total of 120 orthologous ORFs (counting duplicates) arranged with a large degree of colinearity (Table 2) . Thus, each contains a large, central section (ORF28-ORF113) in which conserved genes are ordered equivalently. However, various rearrangements to the left and right of the central section are evident in CyHV1 and CyHV2 compared with CyHV3 (Fig. 6 ). In the region to the left, the ORF21-ORF25 segment is inverted in CyHV1 and the ORF16-ORF19 segment is translocated to the right of ORF25D in CyHV2. Also, ORF140 is inverted and translocated to the right of ORF10 in CyHV1. In the region to the right, the ORF114-ORF127 segment is inverted in CyHV1. In CyHV2, the ORF128-ORF140 segment is inverted, and, from this segment, ORF130 is translocated to the right of ORF133 and ORF139 is translocated to the right of ORF147. Also, ORF4 is inverted and translocated to the right of ORF150 in CyHV2, effectively transferring it from TR to U. Of the 76 ORFs that are not conserved among all three CyHVs, 50 encode predicted membrane-associated proteins (i.e., they possess potential signal peptides, transmembrane domains, or both) and 34 are members of paralogous gene families (i.e., they share amino acid sequence similarity with other CyHV ORFs). These nonconserved ORFs presumably provide functions that fit the individual viruses to their biological niches. Eighteen ORFs are present only in CyHV1 (including ORF147A mentioned above and the JUN gene family described below), 13 are present only in CyHV2, and 21 are present only in CyHV3 (including ORF134, which encodes an interleukin-10-related protein) (63) . ORFs conserved between two CyHVs but absent from the third number two in CyHV1 and CyHV2 (including ORF147B mentioned above), three in CyHV1 and CyHV3, and 19 in CyHV2 and CyHV3.
ORFs conserved in AngHV1. CyHV3 shares 40 clear orthologs with AngHV1 (39) , and the analysis indicated that the total number of ORFs shared by the CyHVs and AngHV1 may be as many as 55 (counting duplicates) if tentative assignments are included ( Table 2 ). The degree of genome colinearity among the CyHVs and AngHV1 is much less than that among the CyHVs, existing in the form of relatively short blocks that are rearranged in order and orientation with respect to each other (Table 2 ). These findings reinforce the observation that the CyHVs are more closely related to each other than they are to the other member of the genus Cyprinivirus (37) . It is notable that the CyHVs may be perceived as exhibiting a pattern of recent coevolution (though perhaps not cospeciation) with their hosts, whereas this is not the case when the CyHVs are considered in relation to AngHV1 (37) . Thus, in the context of the family Alloherpesviridae, the CyHVs and AngHV1 are too closely related to each other in comparison with their hosts, and it may be that one of these two lineages has evolved via an interspecies transfer event.
Fragmented ORFs. CyHV3 isolates have been reported to contain several fragmented ORFs (38) . Since some of the mutations were shown to be common to independent isolates, it was concluded that they had occurred in vivo, and this led to the speculation that functional loss may be associated with increased pathogenicity in aquaculture settings. In reference strain KHV-U, five ORFs (ORF26, ORF27, ORF30, ORF40, and ORF94) are frameshifted and probably nonfunctional. Two ORFs (ORF25B and ORF151A) appear to be fragmented in CyHV2, but it is not known whether the presumed mutations occurred in vivo or in vitro. It is notable that CyHV2 ORF25B is a member of the ORF25 family, as are CyHV3 ORF26 and ORF27. No fragmented ORFs were identified in CyHV1.
Gene families. Five gene families have been identified in CyHV3 (38) (Fig. 3) , and five and six gene families are present in CyHV1 and CyHV2, respectively ( Fig. 1 and 2 and Table 2 ). These are named after a single member or common feature of the family. They are thought to have arisen via gene duplication events, although it is conceivable in some cases that a cellular gene may have been captured separately on more than one occasion, giving the appearance of an intrinsic gene family. All three CyHVs have multiple members of the ORF2, TNFR, ORF25, and RING families. ORF22 is present in all CyHVs and as a family of two in CyHV2 and CyHV3. ORF153 is present in CyHV2 and CyHV3 and as a family of three only in CyHV2. The JUNB family is confined to CyHV1 (see below).
ORF2 family members are numerous and highly divergent, with only a short region (approximately 17 residues containing the conserved motif QWXXG) shared by all except CyHV1 ORF129, which is truncated relative to CyHV2 and CyHV3 ORF129 but related to them in other regions. The ORF153 family specifies predicted type 3 membrane proteins. The ORF25 family encodes highly divergent predicted type 1 membrane glycoproteins, some of which exhibit weak similarities to immunoglobulin domains. All nonfragmented members of this family in CyHV3 (ORF25, ORF65, ORF148, and ORF149) are present in virions, presumably in the envelope (57) . The evolutionarily dynamic nature of the ORF25 family is illustrated by the presence of remnants of additional members downstream from ORF25B and ORF25C in CyHV2 (Fig. 2) . These vestiges lack ATG initiation codons and appear to comprise the 3= ends of ORFs encoding the transmembrane domains of ORF25 family proteins. Thus, it seems that ORF25 family members may have come and gone frequently during CyHV evolution, in a complex fashion similar to that observed in some gene families in members of the family Herpesviridae (64) . The TNFR and RING families are named for the similarity of their encoded proteins to tumor necrosis factor receptor or for the presence of a RING-type, C 3 HC 4 zinc finger domain, respectively. These families also have members in AngHV1 (39) . The JUNB family is named for the similarity of its predicted encoded proteins to the DNA-binding and dimerization domains of the transcription factor and oncoprotein JunB, particularly of fish, and is confined to CyHV1 in the form of three adjacent ORFs, namely, ORF151B, ORF151C, and ORF151D (Fig. 1) . The situation is complex, in that ORF151D encodes both domains whereas similarity in ORF151C is restricted to the DNA-binding domain and similarity in ORF151B is restricted to the dimerization domain (Fig. 5c ). Also, a sequence similar to the junction between these two domains is located close upstream from ORF151B in an alternative reading frame and may represent a nonfunctional relic of a fragmented gene. This is the first report of the presence of JUNBrelated sequences in a herpesvirus, and investigations into the expression of these sequences and, more importantly, their involvement in tumor production should be included in future studies.
Concluding remarks. Our comparative analysis constitutes the first examination of a set of substantially related alloherpesvirus genomes and will help to build knowledge of the genomics of the family Alloherpesviridae to the level that exists for the much more extensively studied family Herpesviridae. As is proving to be the case for CyHV3, the CyHV1 and CyHV2 genome sequences will underpin future studies on the pathogenesis of carp herpesviruses, including those aimed at epidemiological, diagnostic, and therapeutic innovations.
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